Room temperature time-resolved photoluminescence (TRPL) studies of multiple quantum well (MQW) structures of the binaries GaN and AlN grown by molecular beam epitaxy are reported. The eventual application of these structures is for GaN intersubband IR light emitters. However, as an initial study, the structures are evaluated at UV to investigate materials parameters relevant to IR light emission. The nominally 0.9, 1.3 and 1.5 nm GaN quantum wells are clad by 6nm of AlN on top of a thick AlN buffer grown on sapphire. All samples consisted of 20 quantum wells. The observed peak energy of the emission spectrum is in excellent agreement with a model that includes the strong confinement present in these structures and the existence of the large built-in piezoelectric field and spontaneous polarization present inside the wells. Furthermore, consistent with screening of the in-well field as carriers are injected in the well, a clear blue shift of the emission is observed at short times after carrier injection. Subsequently, as the carriers recombine, the peak emission red-shifts and the screening of the field is reduced. Moreover, the observed lifetimes were energy dependent as should be expected from field dependent elongation of lifetimes due to spatial separation of the injected carriers. Specifically, the decay time at high energies can be fitted by a stretched exponential with a beta value of 0.8 which is consistent with carrier spatial separation. The lifetimes obtained from the fitting are of the order of 1ns, longer than the reported recombination lifetimes in similar GaN/AlGaN MQW's. On the low energy side of the PL feature the intensity time decay becomes exponential with lifetimes ranging from 3 to 10ns. The strong UV emission at room temperature makes these structures promising for UV emitters.
INTRODUCTION
UV emitters characterized by wavelengths shorter than 350nm are essential for the development of optical storage and biological agent detection devices such as hand-held biosensors. The need for such emitters for biosensors is generated by the nature of the absorption and fluorescence spectra of organic molecules. For example, the fluorescing components in proteins are amino-acids such as phenylalanine, tryptophan and tyrosine. It is proposed that each biological agent is characterized by a distinct ratio between these components of emission determined by analyzing the fluorescence spectrum from proteins. The difficulty resides in exciting this fluorescence since all the amino acids exhibit an absorption edge below 350nm. At the same time, the development of UV lasers will increase the storage capacity of optical storage devices (such as CD's or DVD's) due to the much shorter wavelength and corresponding minimum achievable spot size.
Nitride semiconductors are one of the materials of choice in developing UV LED's and laser structures due to their large bandgaps (as high as 6 .2eV in the case of AlN). Structures such as GaN/AlGaN quantum wells with high aluminum content [1] exhibit emission at short wavelengths. However, the large lattice mismatch between the well and barrier materials results in the presence of growth defects and dislocations which, in turn, causes a decrease in the emission intensity, especially at room temperature where most devices operate. The photoluminescence intensity in this quantum wells decreases by a factor of 100 when the temperature is increased from 10 to 300K. Incorporating Al into the well material has the dual effect of reducing the lattice mismatch, which yields fewer growth defects, while pushing the emission deeper into the UV. Most recently, Chitnis et al. [2] have shown that such Al x Ga 1x N/Al y Ga 1-y N heterostructures exhibit improved optical properties. Growth defects can also be avoided by using quaternary alloy AlGaInN heterostructures. Such layers, with different Al and In concentrations in the wells and barriers, can be lattice matched to the buffer. Recent timeresolved photoluminescence (TRPL) measurements on such structures [3] have shown that the emission efficiency at room temperature is greatly improved in comparison with GaN/AlGaN structures. Despite this improvement, the PL decay is still dominated by non-radiative recombination at room temperature. In fact, both the ternary and quaternary well materials described above are plagued by point defects which are related to alloy fluctuation and compositional disorder. In addition to reduced efficiency, these defects result in broadening of the emission spectrum. Overall, while the reduced lattice mismatch in these structures provides some benefits, the use of ternary and quaternary well materials introduces other problems.
Unlike all other potential UV emitters materials mentioned in the previous paragraph, GaN/AlN heterostructures avoid the issues associated with point defects by utilizing only pure binary materials, which in addition exhibit the largest possible bandgap offset among the nitrides. Despite this attractive characteristic, the large lattice mismatch between GaN and AlN (2.6%) and the lack of thorough optical investigations on the barrier (AlN) material are clear impediments in the development of efficient UV emitters based on such heterostructures. In this work, we present the results of room-temperature time-resolved photoluminescence measurements on GaN/AlN multiple quantum well (MQW) heterostructures showing that, despite the large lattice mismatch, such structures exhibit good luminescent properties and, most importantly, the emission seems to be dominated by radiative recombination at room temperature.
EXPERIMENTAL DETAILS
The three GaN/AlN MQW samples were grown on a sapphire substrate by plasma-enhanced molecular beam epitaxy (MBE). They contain 20 GaN 0.9, 1.3, or 1.5nm wells separated by 6nm AlN barriers grown on the top of a thick AlN buffer layer. High-resolution x-ray characterization measurements have shown satellite peaks indicating a very good superlattice structure with fully relaxed barriers and strained wells [4] .
The TRPL measurements were performed in the backscattering geometry using conventional optics. The excitation was provided by the frequency tripled 800nm output of a Coherent REGA9000 regenerative amplifier. The pump beam is characterized by a 200fs pulse width, a 250kHz repetition rate and an average power of 5mW at 266nm. The photoluminescence was spectrally resolved by a Chromex 250IS monochromator and detected by a Hamamatsu C4334 streak camera with a typical jitter of 50ps. 
DISCUSSION
Normalized time-integrated photoluminescence spectra taken at room temperature from the samples under study are shown in figure 1 (a). The energies corresponding to the photoluminescence peak vary as a function of well width and are in good agreement with a calculation of the e 1 h 1 transition energy performed using the Numerov method [5, 6] . This calculation takes into account the built-in electric field present in the wells and the barriers along the growth direction as a result of the piezoelectric and spontaneous polarization existing in both materials. The magnitude of the piezoelectric component depends on the strain induced by the lattice mismatch and the barrier and well widths. A detailed discussion of the built-in electric fields in nitride heterostructures along with the most recent update on the numerical values of the several physical constants used in our calculations can be found in reference [7] . For the case of the samples under study the electric field is equal to approximately -8MV/cm in the GaN wells and 1MV/cm in the AlN barriers. In the presence of such an electric field along the growth direction, the energy corresponding to the e 1 h 1 transition in the quantum well is red-shifted with respect to the zero-field situation (due to the quantum confined Stark effect [8] and the band filling effects). The presence of the build-in electric field is thus confirmed by the blue-shift observed in the Pl energy in figure 1(b) . At such short times, the space charge field induced by the presence of spatially separated injected carriers in the quantum wells is partially screening the build-in electric field and the PL energy approaches the zero-field value. For the sample in figure 1(b) we estimated the blue shift due to screening effects to be approximately 44 meV (considering we inject approximately 6*10 12 cm -2 carriers in each well). The difference between this number and the actual measured blue shift (140meV) is due to band filling effects. The Fermi energy is equal to 72meV for electrons and 14meV for holes. The total estimated blue shift is equal to the sum of the screening and band filing contributions (~130meV) in good agreement with the experimental value. In addition to screening and band filling, another contribution in the blue shift may be due to the large changes in the recombination lifetimes due to well width fluctuations. Figure 1 . Time-integrated (a) and time-resolved (b) photoluminescence spectra from the samples under study at different delay times. The blue shift at short delay times is due to the partial field screening by the injected carriers and band filing effects.
As the time passes the carriers recombine and the screening effect disappears. The Fermi level is also moving toward the bottom of the first energy band and the emission energy decreases.
The presence of electric fields in quantum well heterostructures results in the spatial separation of the electrons and holes confined in the wells. The carriers accumulate at opposite sides of the quantum well and the electrons and holes wavefunction overlap decreases considerably, as well as the emission efficiency. Our calculations show that, despite the high built-in electric fields, for a thin GaN/AlN well the carriers wavefunctions remain confined in the well due to the large bandgap offset (1.9eV) between the GaN wells and AlN barriers.
The photoluminescence decay times at several energies across the photoluminescence feature are plotted in figure 2(a) . On the high energy side of the PL spectrum the decay is nonexponential and characterized by short decay times (shorter than 1ns). On the low energy side the decay becomes exponential and characterized by longer lifetimes (7ns). This behavior is characteristic for nitride heterostructures and has been observed in GaN/AlGaN [9, 10] as well as InGaN/GaN [11, 12, 13] quantum well heterostructures. A calculation [14] of the PL decay times which takes into account the dynamic screening of the built-in electric fields by the injected carriers shows that the lifetime increase on the low energy side of the PL feature and the nonexponential character of the decay can be the result of the presence of built-in electric fields. The field-dependent elongation of carrier lifetimes is a result of the reduction of the wavefunction overlap in the presence of the built-in electric field.
The long lifetime values measured on the low energy side of the PL feature at room temperature indicate the recombination is dominated by radiative processes (non-radiative recombination happens on a much faster scale-hundreds of picoseconds). This demonstrates that the GaN/AlN structures are promising not only for the development of LED's, but possibly for achieving population inversion and lasing.
In order to further investigate the possible origins of the non-exponential PL intensity decay, we fitted the decay data with a stretched exponential: The parameter β varies between 0 and 1 and provides information on the recombination mechanism. This type of PL decay has been explored in InGaN/GaN heterostructures [15] and a direct connection has been established between the values of the β parameter and the nature of carrier localization. According to this interpretation, the non-exponential character of the decay is due to the presence of potential fluctuations ( e.g. In -rich regions in the case of InGaN/GaN MQWs) where the carriers are localized before recombining. Since the characteristics of such potential fluctuations are not the same across the sample, we expect considerable differences between the wavefunction overlap of carriers trapped in different potential fluctuations. The nature of localization centers in GaN/AlN structures is not know at the present, however, we can always assume the existence of potential fluctuations associated with interface roughness or growth defects. The non-exponential behavior and the carrier lifetimes dependence on energy can also be due to the presence of such regions where carriers are localized before recombination. The stretched exponential decay model is based on the assumption that there is a possibility for the carriers to move from one potential fluctuation to another through a hopping mechanism. As a result the carrier lifetimes must depend on the hopping distance and the number of potential fluctuations the carrier encounters before recombination. This type of mechanism is described quantitatively by the magnitude of the β parameter, namely β values smaller than 0.5 correspond to the hopping mechanism described, whereas for β values between 0.6-0.9, the carrier lifetimes are elongated by the built-in electric field and the subsequent spatial separation of carriers [16] . Figure 2 (b) summarizes the results of a stretched exponential fitting to the decay data on the high-energy side of the photoluminescence feature. The β parameter equals 0.8, indicating no hopping mechanism takes place and the non-exponential character is determined only by the built-in electric fields and possible carrier localization. The effective lifetimes are very short because the high-energy side of the PL reflects the recombination of hot carriers which relax very quickly to the bottom of the conduction band.
CONCLUSIONS
In conclusion we have shown that, despite the large lattice mismatch, MBE grown GaN/AlN quantum wells exhibit room temperature photoluminescence associated with the radiative recombination of electrons and holes in the GaN wells. The PL peak position is in good agreement with a calculation that takes into account the piezoelectric and spontaneous polarizations existing inside the wells and barriers. A blue shift of the emission is observed at short times, due to the in-well field screening by the carriers injected in the well. The photoluminescence intensity decay varies across the PL feature and can be fitted with a stretched exponential. The values of the β exponent are greater than 0.5 indicating the non-exponential character of the PL decay can be attributed to the built-in electric field and carrier localization. The carrier lifetimes vary as a function of energy. Most importantly, the radiative recombination is the dominant carrier relaxation mechanism at room-temperature making such structures very promising for lasing applications. L11.14.5
